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(57) ABSTRACT

This invention relates to organometallic compounds repre-
sented by the formula LML' wherein M is a metal or metal-
loid, L is a substituted or unsubstituted cyclopentadienyl
group or cyclopentadienyl-like group, a substituted or unsub-
stituted pentadienyl group or pentadienyl-like group, or a
substituted or unsubstituted pyrrolyl group or pyrrolyl-like
group, and L' is a substituted or unsubstituted pyrrolyl group
or pyrrolyl-like group, a process for producing the organo-
metallic compounds, and a method for producing a film or
coating from the organometallic compounds. The organome-
tallic compounds are useful in semiconductor applications as
chemical vapor or atomic layer deposition precursors for film
depositions.

19 Claims, No Drawings
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ORGANOMETALLIC COMPOUNDS AND
MIXTURES THEREOF

RELATED APPLICATION

This application claims the benefit of U.S. Provisional
Application Ser. No. 60/618,806, filed on Oct. 15, 2004, the
entire teachings of which are incorporated herein by refer-
ence.

FIELD OF THE INVENTION

This invention relates to organometallic compounds repre-
sented by the formula LML' wherein M is a metal or metal-
loid, L is a substituted or unsubstituted cyclopentadienyl
group or cyclopentadienyl-like group, a substituted or unsub-
stituted pentadienyl group or pentadienyl-like group, or a
substituted or unsubstituted pyrrolyl group or pyrrolyl-like
group, and L' is a substituted or unsubstituted pyrrolyl group
or pyrrolyl-like group, a process for producing the organo-
metallic compounds, and a method for producing a film or
coating from the organometallic compounds.

BACKGROUND OF THE INVENTION

Chemical vapor deposition methods are employed to form
films of material on substrates such as wafers or other sur-
faces during the manufacture or processing of semiconduc-
tors. In chemical vapor deposition, a chemical vapor deposi-
tion precursor, also known as a chemical vapor deposition
chemical compound, is decomposed thermally, chemically,
photochemically or by plasma activation, to form a thin film
having a desired composition. For instance, a vapor phase
chemical vapor deposition precursor can be contacted with a
substrate that is heated to a temperature higher than the
decomposition temperature of the precursor, to form a metal
or metal oxide film on the substrate. Preferably, chemical
vapor deposition precursors are volatile, heat decomposable
and capable of producing uniform films under chemical vapor
deposition conditions.

The semiconductor industry is currently considering the
use of thin films of ruthenium metal for a variety of applica-
tions. Many organometallic complexes have been evaluated
as potential precursors for the formation of these thin films.
These include, for example, carbonyl complexes such as Ru,
(CO), ., diene complexes such as Ru(m?>-C Hy)(CO),, Ru(n?-
CsHo)MS-C4Hy), beta-diketonates such as Ru(DPM),,
Ru(OD); and ruthenocenes such as RuCp,, Ru(EtCp),.

Both the carbonyl and diene complexes tend to exhibit low
thermal stabilities which complicates their processing. While
the beta-diketonates are thermally stable at moderate tem-
peratures, their low vapor pressures married with their solid
state at room temperature make it difficult to achieve high
growth rates during film deposition.

Ruthenocenes have received considerable attention as pre-
cursors for Ru thin film deposition. While ruthenocene is a
solid, the functionalization of the two cyclopentadienyl
ligands with ethyl substituents yields a liquid precursor that
shares the chemical characteristics of the parent ruthenocene.
Unfortunately, depositions with this precursor have generally
exhibited long incubation times and poor nucleation densi-
ties.

U.S. Pat. No. 6,605,735 B2 discloses half-sandwich orga-
nometallic ruthenium compounds that have a cyclopentadi-
enyl and pentadienyl group bonded to ruthenium. The cyclo-
pentadienyl group can be mono-substituted or unsubstituted.
The pentadienyl group can be mono-, di- or tri-substituted or
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unsubstituted. Certain substitution patterns are specifically
excluded. It is stated in the patent that the inventors conducted
extensive studies and found that the decomposition tempera-
ture of a ruthenocene can be lowered by substituting one of
the cyclopentadienyl rings by linear pentadienyl. By intro-
ducing a single lower alkyl group into the cyclopentadienyl
ring, it is stated in the patent that the half-sandwich organo-
metallic ruthenium compounds have been found to be liquid
at room temperature and exhibit favorable vaporization and
decomposition properties. These compounds are used for
producing a ruthenium-containing thin film by chemical
vapor deposition.

In developing methods for forming thin films by chemical
vapor deposition or atomic layer deposition methods, a need
continues to exist for precursors that preferably are liquid at
room temperature, have adequate vapor pressure, have appro-
priate thermal stability (i.e., for chemical vapor deposition
will decompose on the heated substrate but not during deliv-
ery, and for atomic layer deposition will not decompose ther-
mally but will react when exposed to co-reactant), can form
uniform films, and will leave behind very little, if any, undes-
ired impurities (e.g., halides, carbon, etc.). Therefore, a need
continues to exist for developing new compounds and for
exploring their potential as chemical vapor or atomic layer
deposition precursors for film depositions. It would therefore
be desirable in the art to provide a precursor that possesses
some, or preferably all, of the above characteristics.

SUMMARY OF THE INVENTION

This invention relates in part to organometallic compounds
selected from the following:

Rg N Rs Ry N Ry
p{ \p{
Ry Re R; R
Ru
Rs
Rs Ry R3 Ry
Ru
Rs R
Ry R7 R, N R,
p{
Ryg Rg R; Ry
Ro
Ru
Rio R Rs R¢
R4 N Rl
A \qc
Rg Ry
R; R
Rg
Ru

wherein R, R,, R, Ry, Rs, R, R, Rg, Ry, R pand R | are
the same or different and each represents hydrogen, a halogen
atom, an acyl group having from 1 to about 12 carbon atoms,
an alkoxy group having from 1 to about 12 carbon atoms, an
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alkoxycarbonyl group having from 1 to about 12 carbon
atoms, an alkyl group having from 1 to about 12 carbon
atoms, an amine group having from 1 to about 12 carbon
atoms or a silyl group having from O to about 12 carbon
atoms.

More generally, this invention relates in part to organome-
tallic compounds represented by the formula LML' wherein
M is a metal or metalloid, L is a substituted or unsubstituted
cyclopentadienyl group, a substituted or unsubstituted cyclo-
pentadienyl-like group, a substituted or unsubstituted penta-
dienyl group, a substituted or unsubstituted pentadienyl-like
group, a substituted or unsubstituted pyrrolyl group or a sub-
stituted or unsubstituted pyrrolyl-like group, and L' is a sub-
stituted or unsubstituted pyrrolyl group or a substituted or
unsubstituted pyrrolyl-like group.

This invention also relates in part to a process for the
production of an organometallic compound represented by
the formula LML' wherein M is a metal or metalloid, L is a
substituted or unsubstituted cyclopentadienyl group, a sub-
stituted or unsubstituted cyclopentadienyl-like group, a sub-
stituted or unsubstituted pentadienyl group, a substituted or
unsubstituted pentadienyl-like group, a substituted or unsub-
stituted pyrrolyl group or a substituted or unsubstituted pyr-
rolyl-like group, and L' is a substituted or unsubstituted pyr-
rolyl group or a substituted or unsubstituted pyrrolyl-like
group, which process comprises (i) reacting a metal source
compound selected from a substituted or unsubstituted cyclo-
pentadienyl halide metal compound, a substituted or unsub-
stituted cyclopentadienyl-like halide metal compound, a sub-
stituted or unsubstituted pentadienyl halide metal compound,
a substituted or unsubstituted pentadienyl-like halide metal
compound, a substituted or unsubstituted pyrrolyl halide
metal compound or a substituted or unsubstituted pyrrolyl-
like halide metal compound, with a base material in the pres-
ence of a solvent and under reaction conditions sufficient to
produce a reaction mixture comprising said organometallic
compound, and (ii) separating said organometallic compound
from said reaction mixture. The organometallic compound
yield resulting from the process of this invention can be 60%
or greater, preferably 75% or greater, and more preferably
90% or greater.

This invention further relates in part to a method for pro-
ducing a film, coating or powder by decomposing an organo-
metallic compound represented by the formula LML' wherein
M is a metal or metalloid, L is a substituted or unsubstituted
cyclopentadienyl group, a substituted or unsubstituted cyclo-
pentadienyl-like group, a substituted or unsubstituted penta-
dienyl group, a substituted or unsubstituted pentadienyl-like
group, a substituted or unsubstituted pyrrolyl group or a sub-
stituted or unsubstituted pyrrolyl-like group, and L' is a sub-
stituted or unsubstituted pyrrolyl group or a substituted or
unsubstituted pyrrolyl-like group, thereby producing the film,
coating or powder. Typically, the decomposing of said orga-
nometallic compound is thermal, chemical, photochemical or
plasma-activated. Film deposition is preferably self-limiting
and conducted in the presence of at least one reactive gas such
as hydrogen.

This invention also relates in part to organometallic mix-
tures comprising (i) a first organometallic compound repre-
sented by the formula LML' wherein M is a metal or metal-
loid, L is a substituted or unsubstituted cyclopentadienyl
group, a substituted or unsubstituted cyclopentadienyl-like
group, a substituted or unsubstituted pentadienyl group, a
substituted or unsubstituted pentadienyl-like group, a substi-
tuted or unsubstituted pyrrolyl group or a substituted or
unsubstituted pyrrolyl-like group, and L' is a substituted or
unsubstituted pyrrolyl group or a substituted or unsubstituted
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pyrrolyl-like group, and (ii) one or more different organome-
tallic compounds (e.g., a hathium-containing, tantalum-con-
taining or molybdenum-containing organometallic precursor
compound).

This invention relates in particular to depositions involving
pyrrolide-based ruthenium precursors. These precursors can
provide advantages over the other known precursors, espe-
cially when utilized in tandem with other ‘next-generation’
materials (e.g., hafnium, tantalum and molybdenum). These
ruthenium-containing materials can be used for a variety of
purposes such as dielectrics, barriers, and electrodes, and in
many cases show improved properties (thermal stability,
desired morphology, less diffusion, lower leakage, less
charge trapping, and the like) than the non-ruthenium con-
taining films.

The invention has several advantages. For example, the
method of the invention is useful in generating organometal-
lic compounds that have varied chemical structures and
physical properties. Films generated from the organometallic
compounds can be deposited with a short incubation time,
and the films deposited from the organometallic compounds
exhibit good smoothness. These pyrrolyl-containing ruthe-
nium precursors may be deposited by atomic layer deposition
employing a hydrogen reduction pathway in a self-limiting
manner, thereby enabling use of ruthenium as a barrier/adhe-
sion layer in conjunction with tantalum nitride in BEOL
(back end of line) liner applications. Such pyrrolyl-contain-
ing ruthenium precursors deposited in a self-limiting manner
by atomic layer deposition may enable conformal film growth
over high aspect ratio trench architectures in a reducing envi-
ronment.

This invention relates in particular to chemical vapor depo-
sition and atomic layer deposition precursors for next genera-
tion devices, specifically pyrrolyl-containing ruthenium pre-
cursors that are liquid at room temperature, i.e., 20° C. The
pyrrolyl-containing ruthenium compounds are preferably
hydrogen reducible and deposit in a self-limiting manner.

DETAILED DESCRIPTION OF THE INVENTION

As indicated above, this invention relates in part to orga-
nometallic compounds represented by the formula LML/
wherein M is a metal or metalloid, L is a substituted or
unsubstituted cyclopentadienyl group, a substituted or unsub-
stituted cyclopentadienyl-like group, a substituted or unsub-
stituted pentadienyl group, a substituted or unsubstituted pen-
tadienyl-like group, a substituted or unsubstituted pyrrolyl
group or a substituted or unsubstituted pyrrolyl-like group,
and L' is a substituted or unsubstituted pyrrolyl group or a
substituted or unsubstituted pyrrolyl-like group.

In a preferred embodiment, this invention relates in part to
organometallic ruthenium compounds selected from

Rg %1 Rs R4 %1 Ry
Ry Re R3 Ry
Ru
Rs
Ry Rs Ry N Ry
-
Rg R; R; R,
Ru
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-continued
Rs Rg
Ry Ry
Ryg Rg
Ry
Ru
Rio Ry Rs R¢
RQIK\EM
Rg

Ru

R; R

whereinR,,R,,R;, R, R5, R, R, Re, Ry, R jand R | are
the same or different and each represents hydrogen, a halogen
atom, an acyl group having from 1 to about 12 carbon atoms,
an alkoxy group having from 1 to about 12 carbon atoms, an
alkoxycarbonyl group having from 1 to about 12 carbon
atoms, an alkyl group having from 1 to about 12 carbon
atoms, an amine group having from 1 to about 12 carbon
atoms or a silyl group having from O to about 12 carbon
atoms.

Other organometallic compounds within the scope of this
invention can be represented by the formula (L),M'L' or
LM'(L"), wherein M' is a lanthanide, L is the same or different
and is a substituted or unsubstituted cyclopentadienyl group,
a substituted or unsubstituted cyclopentadienyl-like group, a
substituted or unsubstituted pentadienyl group, a substituted
or unsubstituted pentadienyl-like group, a substituted or
unsubstituted pyrrolyl group or a substituted or unsubstituted
pyrrolyl-like group, and L' is the same or different and is a
substituted or unsubstituted pyrrolyl group or a substituted or
unsubstituted pyrrolyl-like group.

Tlustrative substituted cyclopentadienyl-like moieties
include cyclo-olefin e.g., cyclohexadienyl, cycloheptadienyl,
cyclooctadienyl rings, heterocyclic rings, aromatic rings,
such as substituted benzenyl, and others, as known in the art.
Ilustrative substituted or unsubstituted pentadienyl-like
groups include linear olefinic groups, e.g., hexadienyl, hep-
tadienyl, octadienyl, and others, as known in the art. [llustra-
tive substituted or unsubstituted pyrrolyl-like groups include
pyrrolinyl, pyrazolyl, thiazolyl, oxazolyl, imidazolyl, carba-
zolyl, triazolyl, indolyl and purinyl.

Permissible substituents of the substituted cyclopentadi-
enyl and cyclopentadienyl-like groups (L), the substituted
pentadienyl and pentadienyl-like groups (L) and also the sub-
stituted pyrrolyl and pyrrolyl-like groups (L and L") include
halogen atoms, acyl groups having from 1 to about 12 carbon
atoms, alkoxy groups having from 1 to about 12 carbon
atoms, alkoxycarbonyl groups having from 1 to about 12
carbon atoms, alkyl groups having from 1 to about 12 carbon
atoms, amine groups having from 1 to about 12 carbon atoms
or silyl groups having from O to about 12 carbon atoms.

Tlustrative halogen atoms that may be used in R, R,, R,
R4, Rs, R, R, Ry, Ry, Ry and R, | include, for example,
fluorine, chlorine, bromine and iodine. Preferred halogen
atoms include chlorine and fluorine.

Tlustrative acyl groups that may beused in R, R,, R5, R,
Rs,Rg, R;, Rg, Ry, Ryg and R, include, for example, formyl,
acetyl, propionyl, butyryl, isobutyryl, valeryl, 1-methylpro-
pylcarbonyl, isovaleryl, pentylcarbonyl, 1-methylbutylcar-
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bonyl, 2-methylbutylcarbonyl, 3-methylbutylcarbonyl,
1-ethylpropylcarbonyl, 2-ethylpropylcarbonyl, and the like.
Preferred acyl groups include formyl, acetyl and propionyl.

Tustrative alkoxy groups that may be used in R, R,, R5,
R, Rs, Rg, Ry, Ry, Ry, Ry and R include, for example,
methoxy, ethoxy, n-propoxy, isopropoxy, n-butoxy, isobu-
toxy, sec-butoxy, tert-butoxy, pentyloxy, 1-methylbutyloxy,
2-methylbutyloxy, 3-methylbutyloxy, 1,2-dimethylpropy-
loxy, hexyloxy, 1-methylpentyloxy, 1-ethylpropyloxy, 2-me-
thylpentyloxy, 3-methylpentyloxy, 4-methylpentyloxy, 1,2-

dimethylbutyloxy, 1,3-dimethylbutyloxy, 2,3-
dimethylbutyloxy, 1,1-dimethylbutyloxy, 2,2-
dimethylbutyloxy, 3,3-dimethylbutyloxy, and the like.

Preferred alkoxy groups include methoxy, ethoxy and pro-
POXYy.

ustrative alkoxycarbonyl groups that may be used inR |,
R,, R;, Ry, Rs, R, R, R, Ry, R and R, include, for
example, methoxycarbonyl, ethoxycarbonyl, propoxycarbo-
nyl, isopropoxycarbonyl, cyclopropoxycarbonyl, butoxycar-
bonyl, isobutoxycarbonyl, sec-butoxycarbonyl, tert-butoxy-
carbonyl, and the like. Preferred alkoxycarbonyl groups
include methoxycarbonyl, ethoxycarbonyl, propoxycarbo-
nyl, isopropoxycarbonyl and cyclopropoxycarbonyl.

Tustrative alkyl groups that may be usedinR |, R,, R5, R,
Rs, Rg, R, Rg, Ry, R g and R, include, for example, methyl,
ethyl, n-propyl, isopropyl, n-butyl, isobutyl, sec-butyl, tert-
butyl, pentyl, isopentyl, neopentyl, tert-pentyl, 1-methylbu-
tyl, 2-methylbutyl, 1,2-dimethylpropyl, hexyl, isohexyl,
1-methylpentyl, 2-methylpentyl, 3-methylpentyl, 1,1-dim-
ethylbutyl, 2,2-dimethylbutyl, 1,3-dimethylbutyl, 2,3-dim-
ethylbutyl, 3,3-dimethylbutyl, 1-ethylbutyl, 2-ethylbutyl,
1,1,2-trimethylpropyl, 1,2,2-trimethylpropyl, 1-ethyl-1-me-
thylpropyl, 1-ethyl-2-methylpropyl, cyclopropyl, cyclobutyl,
cyclopentyl, cyclohexyl, cyclopropylmethyl, cyclopropyl-
ethyl, cyclobutylmethyl, and the like. Preferred alkyl groups
include methyl, ethyl, n-propyl, isopropyl and cyclopropyl.

Iustrative amine groups that may be used in R;, R,, R5,
R, Rs, Rg, Ry, Ry, Ry, Ry and R include, for example,
methylamine, dimethylamine, ethylamine, diethylamine,
propylamine, dipropylamine, isopropylamine, diisopropy-
lamine, butylamine, dibutylamine, tert-butylamine, di(tert-
butyl)amine, ethylmethylamine, butylmethylamine, cyclo-
hexylamine, dicyclohexylamine, and the like. Preferred
amine groups include dimethylamine, diethylamine and
diisopropylamine.

Tustrative silyl groups that may be used in R, R,, R5, R,
Rs, Rg, Ry, Rg, Ry, R and R include, for example, silyl,
trimethylsilyl, triethylsilyl, tris(trimethylsilyl)methyl, trisi-
lylmethyl, methylsilyl and the like. Preferred silyl groups
include silyl, trimethylsilyl and triethylsilyl.

Tustrative organometallic compounds of this invention
include, for example, cyclopentadienylpyrrolylruthenium,
methylcyclopentadienylpyrrolylruthenium, ethylcyclopenta-
dienylpyrrolylruthenium,  isopropylcyclopentadienylpyr-
rolylruthenium, tert-butylcyclopentadienylpyrro-
lylruthenium, methylcyclopentadienyl-2,5-
dimethylpyrrolylruthenium, ethylcyclopentadienyl-2,5-
dimethylpyrrolylruthenium, isopropylcyclopentadienyl-2,5-
dimethylpyrrolylruthenium, tert-butylcyclopentadienyl-2,5-
dimethylpyrrolylruthenium,
methylcyclopentadienyltetramethylpyrrolylruthenium, eth-
ylcyclopentadienyltetramethylpyrrolylruthenium, isopropyl-
cyclopentadienyltetramethylpyrrolylruthenium, tert- utyley-

clopentadienyltetramethylpyrrolylruthenium, 1,2-
dimethylcyclopentadienylpyrrolylruthenium, 1,3-
dimethylcyclopentadienylpyrrolylruthenium, 1,3-

dimethylcyclopentadienyl-2,5-dimethylpyrrolylruthenium,
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1,3-dimethylcyclopentadienyltet-
ramethylpyrrolylruthenium, pentadienylpyrrolylruthenium,
2,4-dimethylpentadienylpyrrolylruthenium, 2,4-dimethyl-
pentadienyl-2, 5-dimethylpyrrolylruthenium, 2.4-dimethyl-
pentadienyltetramethylpyrrolylruthenium, cyclohexadi-
enylpyrrolylruthenium, cyclohexadienyl-2,5-
dimethylpyrrolylruthenium,
cyclohexadienyltetramethylpyrrolylruthenium, cyclohepta-
dienylpyrrolylruthenium, cycloheptadienyl-2,5-dimeth-
ylpyrrolylruthenium, cycloheptadienyltetrameth-
ylpyrrolylruthenium, bis(pyrrolyDruthenium, 2,5-
dimethylpyrrolylpyrrolylruthenium,
tetramethylpyrrolylpyrrolylruthenium, bis(2,5-dimethylpyr-
rolyDruthenium, 2,5-dimethylpyrrolyltetrameth-
ylpyrrolylruthenium, and the like.

With respect to the claimed organometallic compounds of
this invention, the following limitations apply: (i) when L. and
L'are both fully substituted pyrrolyl groups, then at least one
of the pyrrolyl group substituents is other than methyl; (ii)
when L and L' are both substituted indolyl groups, then at
least one of the indolyl group substituents is other than hydro-
gen or methyl; (iii) when L is an unsubstituted cyclooctane
group and L' is a substituted pyrrolyl group, then at least one
of the pyrrolyl group substituents is other than methyl; (iv)
when L is an unsubstituted cyclooctane group and L' is a
substituted indolyl group, then at least one of the indolyl
group substituents is other than hydrogen or methyl; and (v)
when L is a substituted cyclohexadiene group and L' is a
substituted pyrrolyl group, then at least one of the pyrrolyl
group substituents is other than methyl.

As also indicated above, this invention also relates in part to
a process for the production of an organometallic compound
represented by the formula LML' wherein M is a metal or
metalloid, L is a substituted or unsubstituted cyclopentadi-
enyl group, a substituted or unsubstituted cyclopentadienyl-
like group, a substituted or unsubstituted pentadienyl group, a
substituted or unsubstituted pentadienyl-like group, a substi-
tuted or unsubstituted pyrrolyl group or a substituted or
unsubstituted pyrrolyl-like group, and L' is a substituted or
unsubstituted pyrrolyl group or a substituted or unsubstituted
pyrrolyl-like group, which process comprises (i) reacting a
metal source compound selected from a substituted or unsub-
stituted cyclopentadienyl halide metal, e.g., ruthenium, com-
pound, a substituted or unsubstituted cyclopentadienyl-like
halide metal, e.g., ruthenium, compound, a substituted or
unsubstituted pentadienyl halide metal, e.g., ruthenium, com-
pound, a substituted or unsubstituted pentadienyl-like halide
metal, e.g., ruthenium, compound, a substituted or unsubsti-
tuted pyrrolyl halide metal, e.g., ruthenium, compound or a
substituted or unsubstituted pyrrolyl-like halide metal, e.g.,
ruthenium, compound, with a base material in the presence of
a solvent and under reaction conditions sufficient to produce
a reaction mixture comprising said organometallic com-
pound, and (ii) separating said organometallic compound
from said reaction mixture. The organometallic compound
yield resulting from the process of this invention can be 60%
or greater, preferably 75% or greater, and more preferably
90% or greater.

The process is particularly well-suited for large scale pro-
duction since it can be conducted using the same equipment,
some of the same reagents and process parameters that can
easily be adapted to manufacture a wide range of products.
The process provides for the synthesis of organometallic pre-
cursor compounds using a process where all manipulations
can be carried out in a single vessel, and which route to the
organometallic precursor compounds does not require the
isolation of an intermediate complex.
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The metal source compound starting material may be
selected from a wide variety of compounds known in the art.
The invention herein most prefers metals selected from Ti, Zr,
Hf, V, Nb, Ta, Cr, Mo, W, Mn, T¢, Re, Fe, Ru, Os, Co, Rh, Ir,
Ni, Pd, Pt, Cu, Ag, Au, Zn, Cd, Hg, Al, Ga, Si, Ge, a Lan-
thanide series element or an Actinide series element. Illustra-
tive metal source compounds include, for example, chlorobis
(triphenylphosphine)(ethylcyclopentadienyl)ruthenium,
bromobis(triphenylphosphine)(ethylcyclopentadienyl)ruthe-
nium, chlorobis(triisopropylphosphite)(ethylcyclopentadi-
enyDruthenium, chlorobis(triethylphosphine)(ethylcyclo-
pentadienyl)ruthenium, chlorobis(triphenylphosphine)
(cyclopentadienyl)ruthenium, chlorobis
(triphenylphosphine)(methylcyclopentadienyl)ruthenium,
chlorobis(triphenylphosphine)(2,4-dimethylpentadienyl)ru-
thenium, chlorobis(triphenylphosphine)(pyrrolyl)ruthe-
nium, chlorobis(triphenylphosphine)(2,5-dimethylpyrrolyl)
ruthenium, chlorobis(triphenylphosphine)
(tetramethylpyrrolyl)ruthenium, and the like.

The process of the invention is preferably useful in gener-
ating organometallic ruthenium compounds that have varied
chemical structures and physical properties. A wide variety of
reaction materials may be employed in the processes of this
invention. For example, in the preparation of the metal source
compounds, ruthenium starting materials that may be used
include commercial grade Ru(I1l) chloride hydrate, a-ruthe-
nium(I1I) chloride, p-ruthenium(III) chloride, ruthenium(III)
nitrate, (PPh;) RuCl, (x=3-4) and the like.

The concentration of the metal source compound starting
material can vary over a wide range, and need only be that
minimum amount necessary to react with the base compound
and to provide the given metal concentration desired to be
employed and which will furnish the basis for at least the
amount of metal necessary for the organometallic compounds
of this invention. In general, depending on the size of the
reaction mixture, metal source compound starting material
concentrations in the range of from about 1 millimole or less
to about 10,000 millimoles or greater, should be sufficient for
most processes.

The base starting material may be selected from a wide
variety of compounds known in the art. Illustrative bases
include any base with a pKa greater than about 10, preferably
greater than about 20, and more preferably greater than about
25. The base material is preferably lithium pyrrolides, lithium
pentadienides, lithium cyclopentadienides, sodium pyr-
rolides, sodium pentadienides, sodium cyclopentadienides,
bromomagnesium pyrrolides, bromomagnesium pentadien-
ides, bromomagnesium cyclopentadienides, and the like.

The concentration of the base starting material can vary
over a wide range, and need only be that minimum amount
necessary to react with the metal source compound starting
material. In general, depending on the size of the first reaction
mixture, base starting material concentrations in the range of
from about 1 millimole or less to about 10,000 millimoles or
greater, should be sufficient for most processes.

The solvent employed in the method of this invention may
be any saturated and unsaturated hydrocarbons, aromatic
hydrocarbons, aromatic heterocycles, alkyl halides, silylated
hydrocarbons, ethers, polyethers, thioethers, esters,
thioesters, lactones, amides, amines, polyamines, nitrites,
silicone oils, other aprotic solvents, or mixtures of one or
more of the above; more preferably, diethylether, pentanes, or
dimethoxyethanes; and most preferably hexanes or THF. Any
suitable solvent which does not unduly adversely interfere
with the intended reaction can be employed. Mixtures of one
or more different solvents may be employed if desired. The
amount of solvent employed is not critical to the subject
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invention and need only be that amount sufficient to solubilize
the reaction components in the reaction mixture. In general,
the amount of solvent may range from about 5 percent by
weight up to about 99 percent by weight or more based on the
total weight of the reaction mixture starting materials.

Reaction conditions for the reaction of the base compound
with the metal source compound, such as temperature, pres-
sure and contact time, may also vary greatly and any suitable
combination of such conditions may be employed herein. The
reaction temperature may be the reflux temperature of any of
the aforementioned solvents, and more preferably between
about —80° C. to about 150° C., and most preferably between
about 20° C. to about 80° C. Normally the reaction is carried
out under ambient pressure and the contact time may vary
from a matter of seconds or minutes to a few hours or greater.
The reactants can be added to the reaction mixture or com-
bined in any order. The stir time employed can range from
about 0.1 to about 400 hours, preferably from about 1 to 75
hours, and more preferably from about 4 to 16 hours, for all
steps.

Other alternative processes that may be used in preparing
the organometallic ruthenium compounds of this invention
include those disclosed in U.S. Pat. No. 6,605,735 B2 and
U.S. Patent Application Publication No. US 2004/0127732
Al, published Jul. 1, 2004, the disclosure of which is incor-
porated herein by reference. The organometallic compounds
of this invention may also be prepared by conventional pro-
cesses such as described in Legzdins, P. et al. Inorg. Synth.
1990, 28, 196 and references therein.

For organometallic compounds prepared by the method of
this invention, purification can occur through recrystalliza-
tion, more preferably through extraction of reaction residue
(e.g., hexane) and chromatography, and most preferably
through sublimation and distillation.

Those skilled in the art will recognize that numerous
changes may be made to the method described in detail
herein, without departing in scope or spirit from the present
invention as more particularly defined in the claims below.

Examples of techniques that can be employed to charac-
terize the organometallic compounds formed by the synthetic
methods described above include, but are not limited to, ana-
Iytical gas chromatography, nuclear magnetic resonance,
thermogravimetric analysis, inductively coupled plasma
mass spectrometry, differential scanning calorimetry, vapor
pressure and viscosity measurements.

Relative vapor pressures, or relative volatility, of organo-
metallic compound precursors described above can be mea-
sured by thermogravimetric analysis techniques known in the
art. Equilibrium vapor pressures also can be measured, for
example by evacuating all gases from a sealed vessel, after
which vapors of the compounds are introduced to the vessel
and the pressure is measured as known in the art.

The organometallic compound precursors described herein
are preferably liquid at room temperature, i.e., 20° C., hydro-
gen reducible, deposit in a self-limiting manner, and are well
suited for preparing in-situ powders and coatings. For
instance, a liquid organometallic compound precursor can be
applied to a substrate and then heated to a temperature suffi-
cient to decompose the precursor, thereby forming a metal or
metal oxide coating on the substrate. Applying a liquid pre-
cursor to the substrate can be by painting, spraying, dipping or
by other techniques known in the art. Heating can be con-
ducted in an oven, with a heat gun, by electrically heating the
substrate, or by other means, as known in the art. A layered
coating can be obtained by applying an organometallic com-
pound precursor, and heating and decomposing it, thereby
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forming a first layer, followed by at least one other coating
with the same or different precursors, and heating.

Liquid organometallic compound precursors such as
described above also can be atomized and sprayed onto a
substrate. Atomization and spraying means, such as nozzles,
nebulizers and others, that can be employed are known in the
art.

In preferred embodiments of the invention, an organome-
tallic compound, such as described above, is employed in gas
phase deposition techniques for forming powders, films or
coatings. The compound can be employed as a single source
precursor or can be used together with one or more other
precursors, for instance, with vapor generated by heating at
least one other organometallic compound or metal complex.
More than one organometallic compound precursor, such as
described above, also can be employed in a given process.

As indicated above, this invention relates in part to orga-
nometallic mixtures comprising (i) a first organometallic
compound represented by the formula LML' wherein M is a
transition metal, L is a substituted or unsubstituted cyclopen-
tadienyl group, a substituted or unsubstituted cyclopentadi-
enyl-like group, a substituted or unsubstituted pentadienyl
group, a substituted or unsubstituted pentadienyl-like group,
a substituted or unsubstituted pyrrolyl group or a substituted
orunsubstituted pyrrolyl-like group, and L' is a substituted or
unsubstituted pyrrolyl group or a substituted or unsubstituted
pyrrolyl-like group and (ii) one or more different organome-
tallic compounds (e.g., a hathium-containing, tantalum-con-
taining or molybdenum-containing organometallic precursor
compound).

Deposition can be conducted in the presence of other gas
phase components. In an embodiment of the invention, film
deposition is conducted in the presence of at least one non-
reactive carrier gas. Examples of non-reactive gases include
inert gases, e.g., nitrogen, argon, helium, as well as other
gases that do not react with the organometallic compound
precursor under process conditions. In other embodiments,
film deposition is conducted in the presence of at least one
reactive gas. Some of the reactive gases that can be employed
include but are not limited to hydrazine, oxygen, hydrogen,
air, oxygen-enriched air, ozone (Oy), nitrous oxide (N,O),
water vapor, organic vapors, ammonia and others. As known
in the art, the presence of an oxidizing gas, such as, for
example, air, oxygen, oxygen-enriched air, O;, N,O or a
vapor of an oxidizing organic compound, favors the forma-
tion of a metal oxide film.

In an embodiment, hydrogen or another reducing gas may
be used in a BEOL atomic layer deposition process at tem-
peratures below 300° C. so that the deposition can be carried
out in a manner compatible with the rest of the BEOL inte-
gration strategy. An illustrative atomic layer deposition strat-
egy for forming BEOL interconnects using ruthenium is as
follows: low K repair, tantalum nitride atomic layer deposi-
tion, ruthenium atomic layer deposition and copper electro-
chemical deposition. Hydrogen reducible ruthenium com-
plexes may also be used for the integration of ruthenium in
MIM stacked cell DRAM capacitors.

In addition to being hydrogen reducible, the ruthenium
complexes of this invention deposit in a self-limiting manner.
For example, in the absence of a reactant gas, the substrate
becomes saturated with a monolayer, or fraction of a mono-
layer, of the dissociatively chemisorbed ruthenium precursor.
In a self-limiting deposition, only one layer of organometallic
precursor is deposited at a time. Pyrrolyl-containing ruthe-
nium precursors deposited in a self-limiting manner by
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atomic layer deposition may enable conformal film growth
over high aspect ratio trench architectures in a reducing envi-
ronment.

As indicated above, this invention also relates in part to a
method for producing a film, coating or powder. The method
includes the step of decomposing at least one organometallic
compound precursor, thereby producing the film, coating or
powder, as further described below.

Deposition methods described herein can be conducted to
form a film, powder or coating that includes a single metal or
a film, powder or coating that includes a single metal oxide.
Mixed films, powders or coatings also can be deposited, for
instance mixed metal oxide films. A mixed metal oxide film
can be formed, for example, by employing several organo-
metallic precursors, at least one of which being selected from
the organometallic compounds described above.

Gas phase film deposition can be conducted to form film
layers of a desired thickness, for example, in the range of from
about 1 nmto over 1 mm. The precursors described herein are
particularly useful for producing thin films, e.g., films having
athickness in the range of from about 10 nm to about 100 nm.
Films of this invention, for instance, can be considered for
fabricating metal electrodes, in particular as n-channel metal
electrodes in logic, as capacitor electrodes for DRAM appli-
cations, and as dielectric materials.

The method also is suited for preparing layered films,
wherein at least two of the layers differ in phase or composi-
tion. Examples of layered film include metal-insulator-semi-
conductor, and metal-insulator-metal.

In an embodiment, the invention is directed to a method
that includes the step of decomposing vapor of an organome-
tallic compound precursor described above, thermally,
chemically, photochemically or by plasma activation, thereby
forming a film on a substrate. For instance, vapor generated
by the compound is contacted with a substrate having a tem-
perature sufficient to cause the organometallic compound to
decompose and form a film on the substrate.

The organometallic compound precursors can be
employed in chemical vapor deposition or, more specifically,
in metalorganic chemical vapor deposition processes known
in the art. For instance, the organometallic compound precur-
sors described above can be used in atmospheric, as well as in
low pressure, chemical vapor deposition processes. The com-
pounds can be employed in hot wall chemical vapor deposi-
tion, a method in which the entire reaction chamber is heated,
as well as in cold or warm wall type chemical vapor deposi-
tion, a technique in which only the substrate is being heated.

The organometallic compound precursors described above
also can be used in plasma or photo-assisted chemical vapor
deposition processes, in which the energy from a plasma or
electromagnetic energy, respectively, is used to activate the
chemical vapor deposition precursor. The compounds also
can be employed in ion-beam, electron-beam assisted chemi-
cal vapor deposition processes in which, respectively, an ion
beam or electron beam is directed to the substrate to supply
energy for decomposing a chemical vapor deposition precur-
sor. Laser-assisted chemical vapor deposition processes, in
which laser light is directed to the substrate to affect pho-
tolytic reactions of the chemical vapor deposition precursor,
also can be used.

The method of the invention can be conducted in various
chemical vapor deposition reactors, such as, for instance, hot
or cold-wall reactors, plasma-assisted, beam-assisted or
laser-assisted reactors, as known in the art.

Examples of substrates that can be coated employing the
method of the invention include solid substrates such as metal
substrates, e.g., Al, Ni, Ti, Co, Pt, Ta; metal silicides, e.g.,
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TiSi,, CoSi,, NiSi,; semiconductor materials, e.g., Si, SiGe,
GaAs, InP, diamond, GaN, SiC; insulators, e.g., Si0,, Si;N,,
HfO,, Ta, 04, Al,O;, barium strontium titanate (BST); barrier
materials, e.g., TiN, TaN; or on substrates that include com-
binations of materials. In addition, films or coatings can be
formed on glass, ceramics, plastics, thermoset polymeric
materials, and on other coatings or film layers. In preferred
embodiments, film deposition is on a substrate used in the
manufacture or processing of electronic components. In other
embodiments, a substrate is employed to support a low resis-
tivity conductor deposit that is stable in the presence of an
oxidizer at high temperature or an optically transmitting film.

The method of this invention can be conducted to deposit a
film on a substrate that has a smooth, flat surface. In an
embodiment, the method is conducted to deposit a film on a
substrate used in wafer manufacturing or processing. For
instance, the method can be conducted to deposit a film on
patterned substrates that include features such as trenches,
holes or vias. Furthermore, the method of the invention also
can be integrated with other steps in wafer manufacturing or
processing, e.g., masking, etching and others.

Chemical vapor deposition films can be deposited to a
desired thickness. For example, films formed can be less than
1 micron thick, preferably less than 500 nanometers and more
preferably less than 200 nanometers thick. Films that are less
than 50 nanometers thick, for instance, films that have a
thickness between about 0.1 and about 20 nanometers, also
can be produced.

Organometallic compound precursors described above
also can be employed in the method of the invention to form
films by atomic layer deposition (ALD) or atomic layer
nucleation (ALN) techniques, during which a substrate is
exposed to alternate pulses of precursor, oxidizer and inert
gas streams. Sequential layer deposition techniques are
described, forexample, in U.S. Pat. No. 6,287,965 and in U.S.
Pat. No. 6,342,277. The disclosures of both patents are incor-
porated herein by reference in their entirety.

For example, in one ALD cycle, a substrate is exposed, in
step-wise manner, to: a) an inert gas; b) inert gas carrying
precursor vapor; ¢) inert gas; and d) oxidizer, alone or
together with inert gas. In general, each step can be as short as
the equipment will permit (e.g. milliseconds) and as long as
the process requires (e.g. several seconds or minutes). The
duration of one cycle can be as short as milliseconds and as
long as minutes. The cycle is repeated over a period that can
range from a few minutes to hours. Film produced can be a
few nanometers thin or thicker, e.g., 1 millimeter (mm).

The method of the invention also can be conducted using
supercritical fluids. Examples of film deposition methods that
use supercritical fluid that are currently known in the art
include chemical fluid deposition; supercritical fluid trans-
port-chemical deposition; supercritical fluid chemical depo-
sition; and supercritical immersion deposition.

Chemical fluid deposition processes, for example, are well
suited for producing high purity films and for covering com-
plex surfaces and filling of high-aspect-ratio features. Chemi-
cal fluid deposition is described, for instance, in U.S. Pat. No.
5,789,027. The use of supercritical fluids to form films also is
described in U.S. Pat. No. 6,541,278 B2. The disclosures of
these two patents are incorporated herein by reference in their
entirety.

In an embodiment of the invention, a heated patterned
substrate is exposed to one or more organometallic compound
precursors, in the presence of a solvent, such as a near critical
or supercritical fluid, e.g., near critical or supercritical CO,.
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In the case of CO,, the solvent fluid is provided at a pressure
above about 1000 psig and a temperature of at least about 30°
C.

The precursor is decomposed to form a metal film on the
substrate. The reaction also generates organic material from
the precursor. The organic material is solubilized by the sol-
vent fluid and easily removed away from the substrate. Metal
oxide films also can be formed, for example by using an
oxidizing gas.

In an example, the deposition process is conducted in a
reaction chamber that houses one or more substrates. The
substrates are heated to the desired temperature by heating the
entire chamber, for instance, by means of a furnace. Vapor of
the organometallic compound can be produced, for example,
by applying a vacuum to the chamber. For low boiling com-
pounds, the chamber can be hot enough to cause vaporization
of the compound. As the vapor contacts the heated substrate
surface, it decomposes and forms a metal or metal oxide film.
As described above, an organometallic compound precursor
can be used alone or in combination with one or more com-
ponents, such as, for example, other organometallic precur-
sors, inert carrier gases or reactive gases.

In a system that can be used in producing films by the
method of the invention, raw materials can be directed to a
gas-blending manifold to produce process gas thatis supplied
to a deposition reactor, where film growth is conducted. Raw
materials include, but are not limited to, carrier gases, reactive
gases, purge gases, precursor, etch/clean gases, and others.
Precise control of the process gas composition is accom-
plished using mass-flow controllers, valves, pressure trans-
ducers, and other means, as known in the art. An exhaust
manifold can convey gas exiting the deposition reactor, as
well as a bypass stream, to a vacuum pump. An abatement
system, downstream of the vacuum pump, can be used to
remove any hazardous materials from the exhaust gas. The
deposition system can be equipped with in-situ analysis sys-
tem, including a residual gas analyzer, which permits mea-
surement of the process gas composition. A control and data
acquisition system can monitor the various process param-
eters (e.g., temperature, pressure, flow rate, etc.).

The organometallic compound precursors described above
can be employed to produce films that include a single metal
or a film that includes a single metal oxide. Mixed films also
can be deposited, for instance mixed metal oxide films. Such
films are produced, for example, by employing several orga-
nometallic precursors. Metal films also can be formed, for
example, by using no carrier gas, vapor or other sources of
oxygen.

Films formed by the methods described herein can be
characterized by techniques known in the art, for instance, by
X-ray diffraction, Auger spectroscopy, X-ray photoelectron
emission spectroscopy, atomic force microscopy, scanning
electron microscopy, and other techniques known in the art.
Resistivity and thermal stability of the films also can be
measured, by methods known in the art.

In addition to their use in semiconductor applications as
chemical vapor or atomic layer deposition precursors for film
depositions, the organometallic compounds of this invention
may also be useful, for example, as catalysts, fuel additives
and in organic syntheses.

Various modifications and variations of this invention will
be obvious to a worker skilled in the art and it is to be
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understood that such modifications and variations are to be
included within the purview of this application and the spirit
and scope of the claims.

EXAMPLE 1

A dry 500 milliliter 3-neck round-bottom flask was
equipped with a condenser (with a t flow through adaptor at
the top) and charged with a stir bar. The flask was clamped in
afume hood resting on a heating mantle (attached to a variac)
above a stir plate. To the flask was added chlorobis(triph-
enylphosphine)-(ethylcyclopentadienyl)ruthenium (148
grams, 0.020 mol), and the system was purged with nitrogen
for 15 minutes. After purging the flask was capped with a
glass stopper and a septum, and a slow nitrogen flow was
established through the t adaptor on top of the condenser
vented to an oil bubbler. Via cannula, anhydrous toluene (150
milliliters) was added and stirring commenced. A THF (50
milliliters) solution of lithium pyrrolide (1.6 grams, 0.022
mol) was transferred to the toluene suspension via cannula.
The brown solution was heated to gentle reflux and stirred for
16 hours. After cooling to room temperature, the solvent was
removed under reduced pressure. The resulting residue was
agitated in hexanes (4x100 milliliters) and filtered through a
medium porosity frit. The hexanes were removed from the
yellow filtrate under reduced pressure, and the resulting dark
yellow liquid was vacuum distilled (approximately 0.3 torr)
through a short path distillation head. Product collection
occurred at approximately 100° C. The yellow liquid col-
lected was characterized by NMR and GC-MS. MS (M+,
relative intensity): 260 (100), 246 (40), 193 (33), 167 (9). 'H
NMR (300 MHz, toluene-dg, 0): 5.64 (t, a-pyrrolyl, J=1 Hz),
4.62 (1, p-pyrrolyl, J=1 Hz), 4.38 (t, Cp, J=2 Hz), 4.30 (1, Cp,
J=2 Hz), 2.04 (q, CH,, J=8), 1.02 (t, CH;, J=8). The product
is ethylcyclopentadienylpyrrolylruthenium represented by
the structure below.

o &

Ru

EXAMPLE 2

Lithium 2,5-dimethylpyrrolide was synthesized separately
by standard lithiation techniques utilizing n-butyllithium and
2,5-dimethylpyrrole in hexanes. Within a dry nitrogen atmo-
sphere glove box a dry, one-neck 1 liter round-bottom flask
with an airfree Teflon valve was charged with a stir bar. To the
flask was added lithium 2,5-dimethylpyrrolide (6.0 grams,
0.059 mol), anhydrous THF (75 milliliters) and anhydrous
hexanes (300 milliliters). Tris(triphenylphosphine)-dichlo-
roruthenium (14.3 grams, 0.015 mol) was added. The flask
was capped, removed from the glove box, fitted with a con-
denser under a nitrogen purge, and refluxed under nitrogen
(with stirring) in a fume hood (14 hours). After cooling to
room temperature, the solvent was removed under reduced
pressure, and the residue was returned to the glove box. The
crude material was agitated with hexanes, then filtered
through a medium porosity frit. The filtrate was reduced to
about 10 milliliters, then loaded on to a silica gel column.
Elution with anhydrous diethylether removed the remaining
triphenylphosphine. Elution with anhydrous THF produced a
bright yellow band, which was collected, and the THF was
removed to yield a light yellow/beige solid. The pure com-
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pound, bis(2,5-dimethylpyrrolyl)ruthenium, was thermally
stable in a dry nitrogen atmosphere. GC/MS (M+, relative
intensity): 289 (100), 193 (26). "HNMR (300 MHz, C¢Dg, d):
4.45 (s, B-pyrrolyl, 2H), 2.11 (s, CH;, 6H). DSC: mp=73° C.

The invention claimed is:
1. An organometallic compound selected from

Rs
Rg Rs Ro Rs
=" ﬁ
Ry Re Rg Ry
Ru Ru
Ry R Ry R,
P =g P =g
Ry R> Rj Ry

wherein R, R,, R;, R, each represents hydrogen, Rs, R¢, R,
Rg, Rg, Rjpand R are the same or different and each repre-
sents hydrogen, a halogen atom, an acyl group having from 1
to about 12 carbon atoms, an alkoxy group having from 1 to
about 12 carbon atoms, an alkoxycarbonyl group having from
1 to about 12 carbon atoms, an alkyl group having from 1 to
about 12 carbon atoms, an amine group having from 1 to
about 12 carbon atoms or a silyl group having from O to about
12 carbon atoms; and wherein said organometallic compound
is a liquid at 20° C. and atmospheric pressure.

2. An organometallic compound represented by the for-
mula LML' wherein M is ruthenium, L is a substituted or
unsubstituted cyclopentadienyl group, and L' is an unsubsti-
tuted pyrrolyl group, wherein said organometallic compound
is a liquid at 20° C. and atmospheric pressure.

3. The organometallic compound of claim 1 selected from
cyclopentadienylpyrrolylruthenium,  methylcyclopentadi-
enylpyrrolylruthenium, ethylcyclopentadienylpyrro-
lylruthenium, isopropylcyclopentadienylpyrrolylruthenium,
tert-butylcyclopentadienylpyrrolylruthenium, 1,2-dimethyl-
cyclopentadienylpyrrolylruthenium, and 1,3-dimethylcyclo-
pentadienylpyrrolylruthenium.

4. A mixture comprising (i) a first organometallic com-
pound represented by the formula LML' wherein M is ruthe-
nium, L is a substituted or unsubstituted cyclopentadienyl
group, herein said substituted cyclopentadienyl group is sub-
stituted with one or more alkyl groups having from 1 to about
12 carbon atoms, and L' is an unsubstituted pyrrolyl group,
and (ii) one or more different organometallic compounds
selected from a ruthenium-containing, hafnium-containing,
tantalum-containing or molybdenum-containing organome-
tallic compound.

5. The mixture of claim 4 wherein the first organometallic
compound is a liquid at 20° C. and atmospheric pressure.

6. An organometallic compound selected from

RSR\/ :&I \/ Rs
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Ru
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Rs

Rg R
e~
Rs

Ry

wherein R, R,, R; and R, each represent hydrogen, R, R,
R, Rg, Ry, Ry and R, are the same or different and each
represents hydrogen or an alkyl group having from 1 to about
12 carbon atoms; and wherein said organometallic compound
is a liquid at 20° C. and atmospheric pressure.

7. An organometallic compound represented by the for-
mula LML' wherein M is ruthenium, L is a substituted or
unsubstituted cyclopentadienyl group, wherein said substi-
tuted cyclopentadienyl group is substituted with one or more
alkyl groups having from 1 to about 12 carbon atoms, and I!
is an unsubstituted pyrrolyl group; wherein said organome-
tallic compound is a liquid at 20° C. and atmospheric pres-
sure.

8. A mixture comprising (i) a first organometallic com-
pound represented by the formula LML' wherein M is ruthe-
nium, L is a substituted or unsubstituted cyclopentadienyl
group, wherein said substituted cyclopentadienyl group is
substituted with one or more alkyl groups having from 1 to
about 12 carbon atoms, and L' is an unsubstituted pyrrolyl
group, and (ii) one or more different organometallic com-
pounds, selected from a ruthenium-containing, hafnium-con-
taining, tantalum-containing or molybdenum-containing
organometallic compound.

9. A mixture comprising (i) a first organometallic com-
pound represented by the formula LML' wherein M is ruthe-
nium, L is a cyclopentadienyl group substituted with one or
more alkyl groups having from 1 to about 12 carbon atoms,
and L' is an unsubstituted pyrrolyl group, and (ii) one or more
different organometallic compounds selected from a ruthe-
nium-containing, hafnium-containing, tantalum-containing
or molybdenum-containing organometallic compound.

10. An organometallic compound represented by the for-
mula LML' wherein M is ruthenium, L is an unsubstituted
cyclopentadienyl group or a cyclopentadienyl group substi-
tuted with one or more alkyl groups having from 1 to about 12
carbon atoms, and L' is an unsubstituted pyrrolyl group,
wherein said organometallic compound is a liquid at 20° C.
and atmospheric pressure.

11. The organometallic compound of claim 7 selected from
cyclopentadienylpynolyiruthenium,  methylcyclopentadi-
enylpyrrolyiruthenium, ethylcyclopentadienylpyrro-
lylruthenium, isopropylcyclopentadienylpyrrolyiruthenium,
tert-butylcyclopentadienylpyrrolylruthenium, 1,2-dimethyl-
cyclopentadienylpyrrolyiruthenium, and 1,3 -dimethylcyclo-
pentadienylpyrrolyiruthenium.

12. The organometallic compound of claim 7 selected from
methylcyclopentadienylpyrrolylruthenium, ethylcyclopenta-
dienylpyrrolylruthenium,  isopropylcyclopentadienylpyr-

rolylruthenium, tert-butylcyclopentadienylpyrro-
lylruthenium, 1,2-
dimethylcyclopentadienylpyrrolylruthenium, and  1,3-

dimethylcyclopentadienylpyrrolylnithenium.



US 7,619,093 B2

17

13. The organometallic compound of claim 7 selected from
ethylcyclopentadienylpyrrolylruthenium,  isopropylcyclo-
pentadienylpyrrolylruthenium, and tert-butylcyclopentadi-
enylpyrrolyiruthenium.

14. The mixture of claim 4 wherein said first organometal-
lic compound is selected from cyclopentadienylpyrrolylru-
thenium, methylcyclopentadienylpyrrolylruthenium, ethyl-
cyclopentadienylpyrrolylruthenium,
isopropylcyclopentadienylpyrrolylruthenium, tert-butyley-
clopentadienylpyrrolylruthenium, 1,2-dimethylcyclopenta-
dienylpyrrolylruthenium, and 1,3-dimethylcyclopentadi-
enylpyrrolylruthenium.

15. The mixture of claim 4 wherein said first organometal-
lic compound is selected from methylcyclopentadienylpyrro-
lylnithenium, ethylcyclopentadienylpyrrolylruthenium, iso-

propylcyclopentadienylpyrrolyiruthenium, tert-
butylcyclopentadienylpyrrolylruthenium, 1,2-
dimethylcyclopentadienylpyrrolylruthenium, and  1,3-

dimethylcyclopentadienylpyrrolylruthenium.

16. The mixture of claim 4 wherein said first organometal-
lic compound is selected from ethylcyclopentadienylpyrro-
lyiruthenium, isopropylcyclopentadienylpyrrolylruthenium,
and tert-butylcyclopentadienylpyrrolylruthenium.

17. A mixture comprising (i) a first organometallic com-
pound selected from

Rg\- &: : _Rs

Ry R¢
Ru

e~
R; R,

Rs
R"’ﬁ“
Rg R7
Ru

e~
R;

Ry

wherein R, R,, R; and R, each represent hydrogen, R, R,
R., Rq, Ry, R, and R, are the same or different and each
represents hydrogen or an alkyl group having from 1 to about
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12 carbon atoms, and (ii) one or more different organometal-
lic compounds selected from a ruthenium-containing,
hafnium-containing, tantalum-containing or molybdenum-
containing organometallic compound.

18. An organometallic compound represented by the for-
mula

Rs
Rg R,
Ru

e~
R Ry

wherein R, R,, R; and R, each represent hydrogen, R, R,
R, Rg, Ry, Ry and R, are the same or different and each
represents hydrogen, a halogen atom, an acyl group having
from 1 to about 12 carbon atoms, an alkoxy group having
from 1 to about 12 carbon atoms, an alkoxycarbonyl group
having from 1 to about 12 carbon atoms, an alkyl group
having from 1 to about 12 carbon atoms, an amine group
having from 1 to about 12 carbon atoms or a silyl group
having from 0 to about 12 carbon atoms; and wherein said
organometallic compound is a liquid at 20° C. and atmo-
spheric pressure.

19. An organometallic compound represented by the for-
mula

Rs
Rg R,
Ru

e~
R3 R,

wherein R, R,, R; and R, each represent hydrogen, R, R,
R,, Rg, and R, are the same or different and each represents
hydrogen or an alkyl group having from 1 to about 12 carbon
atoms, provided at least one of Rs, R, R;, Rg and R, is
hydrogen; and wherein said organometallic compound is a
liquid at 20° C. and atmospheric pressure.
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